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Fluorescence of transition A˜ 1Au2X˜ 1Ag of trans-glyoxal in a supersonic jet is recorded with laser
excitation in the wavelength region 393–417 nm. Full rotational analysis is performed for nine
bands in a region 395–410 nm. Fluorescence decays with quantum beats from several rovibrational
levels in A˜ 1Au of glyoxal are detected. As lines in Fourier-transform spectra of those decay curves
split on application of an external magnetic field, this oscillatory behavior results from coherent
excitation of mixed S1 and T1 states. On excitation with high energy, those lines become broadened
as the lifetime of the T1 state decreases because of coupling to a dissociation continuum. An abrupt
increase of linewidth in transformed spectra at 25 350 cm21 ~394.5 nm! indicates that this position
corresponds to a threshold for dissociation. For excitation energy greater than 25 450 cm21, most
observed decay curves of fluorescence emission display biexponential behavior. The decay of the
fast component of the biexponential curve corresponds to intersystem crossing and the slow
component to decay of those eigenstates. For energies exceeding 25 550 cm21, the slow component
diminishes, to yield nearly single exponential decay, indicating that the rate of dissociation is greater
than that of intersystem crossing. Results of these quantum-beat experiments imply a new
dissociation pathway from the triplet surface. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1432997#I. INTRODUCTION
Glyoxal HCOCOH has been extensively investigated be-
cause this compound provides a useful link for understand-
ing molecules from small to large size, especially in spec-
troscopy of its trans-/cis- isomers1–24 and in dynamics.25–42
Recent detection of glyoxal in the polluted troposphere has
stimulated renewed interest in its reaction mechanism and
dissociation dynamics both experimentally25–33 and
theoretically.34–40 Pioneer work by Parmenter25 on the dy-
namics of electronically excited glyoxal and the mechanism
of dissociation showed that the products formaldehyde and
carbon monoxide arise on a triplet surface after collision-
induced intersystem crossing from the excited singlet state.
Atkinson et al.26 suggested that product CO dissociates from
the triplet surface. Parmenter’s group subsequently detected
the same products even under collision-free conditions, and
suggested that dissociation occurs from the singlet ground
electronic surface after internal conversion from the excited
state.27–29 Hepburn et al.,30 using photofragment transla-
tional spectroscopy, detected three distinct product channels
when glyoxal was excited with blue light. Those channels,
with their branching ratios listed in parentheses, are shown
below
H2C2O2→H2CO1CO ~65% !, ~1!
H2C2O2→H21CO1CO ~28% !, ~2!
H2C2O2→HCOH1CO ~7% !. ~3!
a!Electronic mail: icchen@mx.nthu.edu.tw2440021-9606/2002/116(6)/2447/9/$19.00
Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tChannel ~2! is a triple fragmentation process. Sophisticated
calculations were performed on geometries and relative en-
ergies of possible transition-state structures for these three
channels.34–40 The results of theoretical calculations agree
with experimental findings and confirm that dissociation oc-
curs via internal conversion to the ground electronic surface
before formation of products.
Ramsay and co-workers,2,3,7 and Katoˆ et al.20 using ab-
sorption, and Pebay Peyroula and Jost15,16 using fluorescence
achieved rotationally resolved structure of the A˜ 1Au
2X˜ 1Ag system of trans-glyoxal ~symmetry C2h) in the low-
energy region. Brand,1 Ramsay and co-workers,4,17 and
Spangler et al.14 directly detected the spin-forbidden transi-
tion of the a˜ 3Au – X˜ 1Ag system near wavelength 520 nm.
Ramsay et al.5,6 reported bands of system A˜ 1B1 – X˜ 1A1 for
the cis form ~symmetry C2v) near wavelength 488 nm
and assigned rotational structure; they showed that, in the
electronic ground state, the cis isomer lies at an energy 1125
6100 cm21 above that of the trans. Hu¨bner et al.19 obtained
a more reliable value of 1555648 cm21 from analysis of
microwave spectra of cis-glyoxal and cis-glyoxal-d1 . From
combination of these data with energies of electronic transi-
tions, in their first electronic singlet states cis- and trans-
conformers lie about the same energy ~both ;63 kcal/mol
above X˜ 1Ag), but the barrier to isomerization between them
is unknown.
Singlet–triplet coupling is a fundamental problem in the
photochemistry of organic molecules. Especially for mol-
ecules containing a carbonyl moiety, intersystem crossing
tends to be efficient.43 At low vibrational energy and under7 © 2002 American Institute of Physics
o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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pected to be efficient; state S1 of glyoxal, with a lifetime of
order 1026 s, returns to the ground state by fluorescence and
by internal conversion.41 The fluorescence quantum yield of
A˜ 1Au is measured to be ’50%.42 McDonald et al.44–46 in-
vestigated this interaction for glyoxal, methylglyoxal, bi-
acetyl, and 2,3-pentanedione by quantum-beat spectroscopy
under supersonic jet-cooled conditions. According to their
experimental results, only glyoxal displays no modulated
emission, whereas the other compounds display prominent
quantum-beat patterns. Those authors attributed this effect to
a small density of triplet states in glyoxal. Nevertheless,
Heldt et al.23 observed the anomalous slow fluorescence that
corresponds to emitting levels owing their long lifetime to
the partial triplet character of their wave functions due to
near-resonance with the T1 level.
At low energy the mechanism and matrix elements of
singlet–triplet interaction of trans-glyoxal are studied via
level anticrossing,8–13 and via two-photon absorption com-
bining application of a magnetic field by Katoˆ et al.20,21
From the magnitude of the singlet–triplet coupling matrix
element, they concluded that interaction is toward the limit
of weak coupling, i.e., vibronic spin–orbit coupling. Authors
in both laboratories suggested that the triplet perturber is
3Au . Katoˆ et al.21 proposed that state 3Bu undergoes spin–
orbit interaction with state 1Au and state 3Au vibronically
couples with state 3Bu . A few ‘‘gate states’’ with strong
singlet–triplet interaction are reported to be present at small
vibrational energy when those triplet states lie near reso-
nance with a singlet state.13,20,21
Work on the dissociation dynamics of acetaldehyde with
quantum-beat spectroscopy shows that, near the threshold for
dissociation into fragments, lines in Fourier-transform ~FT!
spectra from decay with quantum beats become broadened
from coupling to a dissociation continuum.47,48 Accordingly,
in this region the coupling of singlet and triplet states reaches
an intermediate case for intramolecular relaxation of energy.
Because quantum-beat spectroscopy has an advantage of
freedom from Doppler broadening, state-resolved dynamics
can be obtained with high resolution.48,49 In the present
work, we recorded rotationally resolved fluorescence spectra
of trans-glyoxal in its system A˜ 1Au – X˜ 1Ag , and analyzed
rovibrational states in S1 in the vibrational energy range
2770–3150 cm21. Several levels with their fluorescence de-
cay displaying quantum-beat patterns are reported for the
first time for this molecule. At vibrational energy near 3470
cm21 the fluorescence decays display biexponential behav-
ior, indicating that the molecule rapidly reaches ‘‘intermedi-
ate case’’ for single–triplet interaction. We propose a corre-
lation to the dissociation channel from the triplet state.
II. EXPERIMENT
A dye laser ~Lambda Physik, Scanmate SM2E! pumped
with a Nd:YAG laser ~Continuum 81-C-10! generated an ex-
citation beam in a wavelength range 389-420 nm and at en-
ergy 0.2–0.5 mJ/pulse ~laser dye E398 and E426!. An intra-
cavity etalon achieved a resolution ; 0.04 cm21; without
this etalon the resolution was ;0.15 cm21. The absoluteDownloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject twavelength of the laser was calibrated with transitions of
neon and uranium with optogalvanic spectroscopy. Those
spectra were recorded simultaneously with glyoxal spectra.
A glyoxal/Ar ~0.7–1.8%! mixture was used with a
pulsed nozzle ~General Valve, diameter 0.5 mm! at a stagna-
tion pressure 3–4 atm to generate the molecular jet. About
1.5 cm downstream from the orifice of the nozzle, the laser
beam interacted with the molecular jet to excite glyoxal to
the A˜ 1Au state. A photomultiplier ~EMI 9829QB! was
mounted perpendicularly to both molecular jet and the
propagation direction of the laser beam to detect total emis-
sion; most scattered light was eliminated with a cutoff filter
~GG455!. The signal was sent to a boxcar integrator and via
an A/D converter to a computer for data averaging and fur-
ther analysis. A digital oscilloscope ~Tektronix, TDS-520D,
bandwidth 500 MHz! recorded fluorescence emission with
interval 2 ns; about 1000 laser shots were averaged for each
decay trace. Three Helmholtz coils around the vacuum
chamber imposed a weak external magnetic field ~B!. For
some decay curves with quantum-beat pattern, a polarizer
was placed before the photomultiplier to detect emission ei-
ther parallel or perpendicular to the electric field of the laser.
Monomeric glyoxal was prepared by thermal cracking of
the trimer dihydrate ~Sigma! with excess MgSO4(s) at ap-
proximately 200 °C under vacuum. Yellow-green crystals
were formed, purified via vacuum distillation, and then trans-
ferred to a stainless-steel cylinder at room temperature. Ar-
gon at 3–4 atm was then added to make a glyoxal/Ar mix-
ture.
III. RESULTS AND ANALYSIS
A. Spectra
According to results of previous work,1–3,15,16 the first
electronically excited state of trans-glyoxal is A˜ 1Au , planar
with symmetry C2h . Figure 1 shows the overall laser-
induced fluorescence ~LIF! excitation spectrum of the transi-
tion A˜ 1Au – X˜ 1Ag recorded with excitation in a wavelength
FIG. 1. Fluorescence excitation spectrum and tentative vibrational assign-
ments for A˜ 1Au – X˜ 1Ag of trans-glyoxal in the excitation wavelength re-
gion 393–417 nm. The lower abscissa denotes the excitation energy.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
2449J. Chem. Phys., Vol. 116, No. 6, 8 February 2002 Quantum beats in glyoxalrange 393–417 nm. Bands of either c and a/b hybrid type are
observed in our spectra, indicating that vibronic symmetries
of upper levels are ag and bg , respectively. The spectral
intensity shows a ratio 1:3 according to even/odd Kc9 quan-
tum number resulting from nuclear spin statistics. In this
region nine bands A–I labeled in order of energy are re-
solved rotationally and full rotational analyses were per-
formed. Bands A–E have a c-type structure, whereas bands
F–I have a/b type. Some spectra with band structures of
c-type and of a/b hybrid are shown in Figs. 2~a! and 2~b!,
respectively. At a large energy of excitation, sharp structure
superimposed on a continuum background is observed,
shown in Fig. 2~c!.
Rotational assignments were made on a basis of combi-
nation differences of known rotational states in the electronic
ground state.20 Transitions were fitted to an asymmetric rotor
Hamiltonian with the ASYTOP program.50,51 Because under
jet-cooled conditions only states with J<6 and K<2
are populated, three centrifugal-distortion parameters
(DJ ,DK ,DJK) are indeterminate from current data. Lists of
observed line positions, assignments, and spectra for bands
A–I not shown here are available in Ref. 52. Rotational pa-
rameters and origins from our best fits along with those for
cis-glyoxal in its triplet and the electronic ground state are
listed for comparison in Table I.
Values of rotational parameter A obtained for vibrational
states A and C–I are slightly smaller than that of the vibra-
tional ground state of A˜ 1Au , and for state B the A value is
greater, but all these values are much greater than that for the
cis isomer. For this reason all bands analyzed pertain to tran-
sitions between states of trans-glyoxal. Because the vibra-
tional energy region detected is relatively large, from known
vibrational frequencies and anharmonicities, several vibra-
tional bands fall into a small energy range; the vibrational
assignments cannot be made simply based on symmetry and
known vibrational frequencies. We assigned vibrational lev-
els according to results of Perbay Peyroula and Jost15,16 and
of Brand.1 First, their experimental finding is that there is
little geometry change upon excitation to the upper elec-
tronic state; hence, only transitions with vibrational quantum
number change Dv<0 – 2 have favorable Franck–Condon
factors. Second, the value of rotational parameter A de-
creases significantly with increased quantum number of
mode 7 but increases with that in mode 12. Third, a/b hybrid
bands involving mode 8 have a polarization intensity ratio
mb /ma’0.6, with different ratios for other vibrational com-
binational bands without mode 8. All detected hybrid bands
display an intensity ratio ’0.660.05, implying that bands
F–I involve mode 8. Tentative vibrational assignments ap-
pear in Table I and are shown in Fig. 1. For reference, vibra-
tional frequencies of 12 vibrational normal modes of low-
lying electronic states obtained from results of previous work
and the vibrational symmetry are summarized in Table II.
Four levels F–I displaying small values of rotational pa-
rameter A are assigned to involve one or two quanta of mode
7. States with y7>3, expected to have small intensity and
small parameter A, are not assigned here. Additional vibra-
tional assignments not listed in Table I are shown in Fig. 1
but no complete rotational assignments are made in theDownloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tpresent work. We assigned bands with only strong to moder-
ate intensity, and no assigned state belongs to cis-glyoxal.
For bands in the high-energy region, rotational analysis is in
progress.
Relatively large inertial defects are observed for these
vibrational states compared with the vibrational ground state;
FIG. 2. Rotationally resolved fluorescence excitation spectra of
A˜ 1Au – X˜ 1Ag of glyoxal for bands ~a! 3015016011201 and 201602 showing c-type
transitions; ~b! 401501702801 and 501602702801 with a/b hybrid transitions; and ~c!
for excitation energy region 25 440–25 460 cm21. In ~c! discrete transitions
are superimposed on a continuum background.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
2450 J. Chem. Phys., Vol. 116, No. 6, 8 February 2002 C. Chang and I-C. ChenTABLE I. Molecular parameters of trans-glyoxal in state X˜ 1Ag , a˜ 3Au , and A˜ 1Au and cis-glyoxal in X˜ 1A1 and A˜ 1A1 . Uncertainty 3s listed in the last
significant figure and D5Ic2Ia2Ib . Parameters of cis-glyoxal are obtained from Currie and Ramsay ~Ref. 6! and of vibrational ground state of X˜ 1Ag ,
a˜ 3Au , and A˜ 1Au of trans-glyoxal are obtained from Katoˆ et al. ~Ref. 20!, Spangler et al. ~Ref. 14!, and Ramsay et al. ~Ref. 17!, respectively.
Gv Vib. state T0 /cm21 A/cm21 B/cm21 C/cm21
DJ3107/
cm21
DJK3106/
cm21
DK3104/
cm21
D/
a.m.u. Å2 rms
cis-
glyoxal
X˜ 1A1 a1 0
0 0.0 0.891 0~2! 0.206 6~1! 0.168 1~1! 3.3~0.7! 21.9~4! 6.4~4! 20.24 fl
A˜ 1B1 a1 0
0 20 507.57 0.906 9~2! 0.198 3~1! 0.162 7~1! 3.1~0.7! 21.6~4! 6.6~4! 0.03 fl
trans-
glyoxal
X˜ 1Ag ag 0
0 0.0 1.844 315~9! 0.160 021 4 ~8! 0.147 350 9~8! 0.334~5! 20.279 ~9! 0.197~1! 20.07 fl
a˜ 3Au ag 0
0 19 198.627~19! 1.968 0~7! 0.156 98~3! 0.145 43~3! 0.40~22! 20.675 0.52~15! 20.04 fl
A˜ 1Au ag 0
0 21 973.439 1.964 4 0.154 99 0.143 62 0.61 20.84 0.32 0.03 fl
ag 416181121 24 742.405~1! 1.957 6~5! 0.153 37~6! 0.143 33~6! 20.913 0.025
ag 315161121 24 768.606~1! 1.992 8~6! 0.147 1~1! 0.139 2~1! 6.488 0.024
ag 2162 24 782.173~1! 1.932 7~5! 0.152 54~6! 0.147 42~6! 24.891 0.030
ag 21516171 24 823.142~1! 1.954 9~6! 0.155 7~1! 0.139 9~1! 3.657 0.014
ag 214151 24 833.702~1! 1.911 6~4! 0.153 05~5! 0.142 81~5! 20.920 0.032
bg 527182121 25 066.203 5~8! 1.903 3~7! 0.155 21~3! 0.149 69~3! 24.851 0.030
bg 21517281 25 074.304~1! 1.819~2! 0.156 7~1! 0.139 0~1! 4.467 0.028
bg 41527281 25 124.631~1! 1.863~2! 0.156 1~1! 0.145 7~1! 21.641 0.025
bg 51627281 25 129.295 2~7! 1.864 1~3! 0.155 76~6! 0.145 02~6! 21.025 0.030both in-plane and out-of-plane vibrations contribute to the
inertial defect. In-plane and out-of plane vibrations generally
make positive and negative contributions to the inertial de-
fect, respectively.53 The in-plane contribution is ordinarily
larger according to observations for tetratomic molecules.53
Although a small variation in determining the rotational pa-
rameter C causes a large uncertainty in calculating the iner-
tial defect, its sign agrees with what is expected for the as-
signed vibrational states. A vibrational state listed in Table I
involving mainly in-plane motion has a positive defect, and
vice versa. Overall, at such large vibrational energy, the de-
viation from planarity is significant and results mostly from
vibrational motion.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tB. Fluorescence decay
The decays of emission from various rovibrational levels
of glyoxal were measured in the excitation wavelength range
392–404 nm. Some decays display modulation due to coher-
ent excitation of near-resonance levels. Decays with various
quantum-beat patterns are observed, and shown in Fig. 3. At
low energy ~vibrational energy 1800–2600 cm21) a few
rovibrational levels display modulation in their fluorescence
decay, but no systematic search for individual transitions was
performed. In the region of bands A–I ~vibrational energy
2700–3200 cm21) the decays of individual rotational levels
were recorded. States A and C have a few rotational statesTABLE II. Vibrational normal modes and frequencies of trans-glyoxal in X˜ 1Ag , A˜ 1Au , and a˜ 3Au . Vibra-
tional frequencies are obtained from Refs. 16 and 24 for X˜ 1Ag , A˜ 1Au , and a˜ 3Au , respectively.
Mode Vibrational motion n(X˜ 1Ag)/cm21 n(A˜ 1Au)/cm21 n(a˜ 3Au)/cm21 Vib. symmetry
1 C–H stretch 2843 2809 ag
2 CvO stretch 1745 1391 1495 ag
3 C–H rock 1338 1300 1195 ag
4 C–C stretch 1065 955 961 ag
5 C–CvO bend 550 508 502 ag
6 C–H wag 801 719 727 au
7 Torsion 126 233 234 au
8 C–H wag 1047 735 700 bg
9 C–H stretch 2835 2835 bu
10 CvO stretch 1732 1400 bu
11 C–H rock 1312 1300 bu
12 C–CvO bend 338 380 392 buo AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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porally resolved emission decay traces
of glyoxal and the corresponding real
part of Fourier-transformed plots in
the frequency domain. The vibrational
level or the excitation energy along
with the rotational state is denoted for
each trace. Trace ~a! was recorded
when the position of the RQ0 branch
was excited, so that several rotational
levels of J1 were excited. In trans-
formed spectra ~b! and ~c! FWHM is
’0.65 MHz greater than those in trace
~a!. In trace ~e! FWHM is much
greater than those in traces ~a!–~c!.
The decay in trace ~d! was recorded
with magnetic field B 5 3.1 gauss par-
allel to the electric field of the laser.displaying quantum-beat decay, but for state B no oscillatory
modulation is observed. For states D and E only 3–4 states
with quantum beats are observed. More rotational states in
states F–I display modulated oscillations. As excitation en-
ergy increases to ;25 450 cm21~393 nm, vibrational energy
53480 cm21), decays with quantum beats were unobserved;
instead, curves display biexponential decay as shown in
Fig. 4.
A weak magnetic field was applied to show that the per-
turbing state is nonsinglet from its nonzero magnetic dipolar
moment. Under the experimental resolution the lines (F
Þ0) in FT spectra would split into 2F11 lines. The decayDownloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tcurve in trace ~d! of Fig. 3 was recorded with magnetic field
B53.1 gauss; the Zeeman field was parallel to the electric
field of the laser beam. Its FT spectrum shows split lines
centered at 22.9 and 27.8 MHz. The line at 50.8 MHz is
slightly broadened from the magnetic field. When the detect-
ing polarization is either parallel or perpendicular to laser
polarization, the direction of beating lines in FT spectra dis-
play the same orientation; hence, no quantum beat results
from a polarization effect of detection.54 These results agree
with previous finding that the perturbing state is
triplet;8–13,20,21 quantum beats arise from coherently excited
superposition of singlet and triplet states.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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by adding zeros to about 10 ms to increase the resolution in
Fourier-transformed spectra. Deconvolution from the instru-
mental response function was performed with Fourier trans-
FIG. 5. Plot of full width at half maximum obtained from Fourier-
transformed spectra as a function of excitation energy. Symbols ~3! and ~s!
for width obtained from lines pertain to frequency zero and nonzero beat
frequency, respectively.
FIG. 4. Temporally resolved emission decay of glyoxal and lines according
to their best-fit biexponential functions at excitation energy ~a! 25 451.79
and ~b! 25 449.15 cm21.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tformation to the frequency domain. At excitation energies in
the range 24 780–25 300 cm21, widths of lines in the FT
spectra increase from ’0.3 MHz to greater than 3 MHz,
corresponding to a natural lifetime varying from 1 ms to less
than 100 ns. The plot of full width at half maximum
~FWHM! of lines in FT spectra versus excitation energy ap-
pears in Fig. 5. We found widths of lines in FT spectra at
positions of zero frequency to be smaller than those for non-
zero frequency lines; deviations are significantly large in the
high-energy region. At low energy the widths of those non-
zero frequency lines are attributed to a mixing ratio of singlet
character because the lifetime of the triplet is rather long.
The widths of zero-frequency lines reflect essentially the life-
time of the zero-order singlet state. At large energy, because
the widths of nonzero lines are greater than those of zero-
frequency lines, this indicates that the triplet state has a
shorter lifetime. A sharp increase of width in the plot at
25300 cm21 implies that at this energy the triplet state be-
gins to decay rapidly. According to previous results the onset
of increased width corresponds to the position of the disso-
ciation threshold that correlates with the perturbing triplet
state.
At high, large excitation energies, quantum-beat modu-
lation averages out to show biexponential decay. We fit these
decay curves to a biexponential function as defined below
I~ t !’A f exp~2t/t f !1As exp~2t/ts!. ~4!
The fitted coefficients ts and t f for slow and fast compo-
nents, respectively, are plotted versus excitation energy in
Fig. 6. The obtained coefficients lie in the range 600–1400
ns for the slow decay. On average the latter coefficients are
near the average coefficient obtained for single-exponential
decay curves at vibrational energy ’2000 cm21; this decay
mostly relates to internal conversion and the radiative pro-
cess back to S0 . At the origin of S1 the fluorescence lifetime
is reported to be ’2.5 ms.41 The fast components from biex-
FIG. 6. Plot of fitted time coefficient fitted to experimental curves as a
single exponential function ~n! at excitation energy 23 500–25 250 cm21
and as a biexponential function with t f ~h! and ts ~s! at 25 250–25 500
cm21.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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are obtained via convolution from the laser pulsewidth. As
excitation energy increases to near 25 500 cm21 the slow
component is decreased rapidly to display a nearly single
exponential decay with a time coefficient near the temporal
width of the laser pulse ~10 ns!. In this case, as limited by
instrumental resolution, an upper bound for the lifetime is
obtained. In general, within one vibrational state a broad
range of lifetimes for individual rotational states is observed.
No clear dependence on vibronic symmetry is observed for
the energy range studied.
IV. DISCUSSION
A. Singlet–triplet interaction
Dupre et al.11,12 and Katoˆ et al.21 attributed interaction
of states A˜ 1Au and A˜ 3Au in glyoxal to vibronic spin–orbit
coupling, a second-order spin–orbit interaction. In our ex-
perimental conditions, only states with low J are populated;
the effect of spin–orbit orbital–rotation interaction are ex-
pected to be negligible.55 According to Stevens and Brand,55
for vibronic spin–orbit interaction, vibronic symmetry of
singlet SGev differs from symmetry of triplet TGev by a vibra-
tional symmetry. Katoˆ et al.21 suggested that state 3Au is vi-
bronically coupled to state 3Bu , for which the mediated vi-
brational level would have symmetry bg .
Dupre et al.11,12 measured level anticrossing spectra of
vibrational states 00 and 81 with symmetries ag and bg ; they
found that a few rotational states in 00 couple to the triplet
with large coupling matrix elements and that more rotational
states in 81 couple to the triplet but with smaller coupling
matrix elements. In the present work, we found that, similar
to their results, vibrational states with bg symmetry display
more states with a quantum-beat pattern, but states of either
symmetry have about the same strength of interaction to the
triplet. The singlet state Au shows spin–orbit coupling to
triplet state 3Bu that differs in symmetry of the species
Ra /Rb (Rx denotes rotation along the x axis!,21 yielding se-
lection rules DK50 and 61. Because state 3Bu is vibroni-
cally coupled to state 3Au, the mediated vibrational symme-
try is bg ; hence, the coupled triplet state differs from the
singlet state by symmetry bg . Because of more numerous
vibrational modes with symmetry ag than bg , more vibra-
tional states of TGev5au for 3Au exist to perturb the bg vi-
brational state of 1Au(SGev5bu).
According to Lahmani et al.,56 the ratio of pre-
exponential factors from fitting to biexponential decay
curves is related to the density of perturbing states rT , the
number of perturbing states Neff , and the coupling matrix
element yST , as expressed in these relations
k f52pyST
2 rT , ks5gs /Neff1gT , ~5!
Neff5A f /As , ~6!
rT52cNefft f , ~7!
yST5~Neff/2!1/2/~prT!. ~8!Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject tHere, c denotes the speed of light. Parameter N eff and rT are
calculated using experimental data and Eqs. ~5!–~7!, and
plotted as a function of excitation energy; results appear in
Fig. 7.
The values of the coupling matrix element (yST) calcu-
lated using Eq. ~8! are in the range 0.3–6.8 MHz smaller
than values obtained from experiments of level anticrossing
spectroscopy (yST up to 360 MHz is observed!.11–13 One
explanation is that with this method all states coupled to a
given singlet state contribute to yield an average value. At
high energy the density of triplet states is greater than near
the origin. The change of vibrational quantum number be-
tween the coupled singlet and triplet states increases; hence,
on average yST is expected to be smaller than those obtained
in the low-energy region.
Lombardi et al.8 estimated that an average density rT
which allow coupling to a given singlet state is of order 1
level/cm21 near the origin of state S1 . The density of cou-
pling states estimated from fitting to biexponential decays
shows large scatter and falls in the range 6–300 per 100
MHz except one state, for which its density of coupling
states is estimated to be nearly 450 per 100 MHz. Based on
RRKM ~Rice–Ramsperger–Kassel–Marcus! theory, using
the Whitten–Rabinovitch equation57 and harmonic frequen-
cies, the density of vibrational states of a˜ 3Au ~vibrational
energy 6200 cm21) is estimated to be 0.5 per 100 MHz ~150
per cm21); this value is much smaller than the observed
FIG. 7. Plot of Neff ~upper! and density of coupling states rT per 100 MHz
~lower! vs excitation energy obtained from fits to biexponential decay curves
and with Eqs. ~5!–~7!.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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might be doubled from the calculated value but is still too
small. One assumes that torsional motion (v7) acts as a free
rotor at such high energy; the calculated value for rT is twice
that treated as a vibrational motion. For the spin–orbit cou-
pling, the selection rules are DK50, 61 and DF50 for gly-
oxal. If one singlet state can couple to 1–3 different rota-
tional states of the triplet, the estimated density of coupling
states is around 2–6 per 100 MHz ~including anharmonicity
and v7 a free rotor for rT). Large experimental values may
imply some mixing among the rotational states of the triplet.
B. Mechanism of dissociation
Regarding the biexponential decay curves, one interprets
that the fast component corresponds to intersystem crossing
and the slow one to average decay of eigenstates. The ex-
perimental data indicate that, in the energy region from be-
low to near the dissociation threshold, the decay of eigen-
states is via internal conversion and radiative relaxation to
the electronic ground state. Once energies exceed the disso-
ciation threshold, the dissociation is rapid; consequently gT
is large, and ks becomes large. Then, decay curves display
nearly single exponential behavior, and intersystem crossing
becomes the rate-limiting step for dissociation. Because the
rate of intersystem crossing increases rapidly, crossing to the
triplet surface becomes more efficient than converting back
to the singlet surface. Dissociation on the triplet surface
competes successfully with that on the electronic ground-
state surface.
Results of our experiments indicate that a dissociation
channel correlates with the triplet manifold, in addition to
known channels ~1!–~3! on the ground electronic surface.
The schematic diagram for dissociation pathways is shown
in Fig. 8. Schlegel et al.38,39 calculated the reaction enthalpy
for glyoxal →2 HCO to be 71.5 kcal/mol. A possible path to
form product triplet formaldehyde lies in the energy region
72 kcal/mol58 from the ground state of trans-glyoxal. Both
pathways lie near an expected threshold for the proposed
new dissociation channel, but exit barriers for these path-
ways are unknown. We expect that the exit barrier for prod-
uct HCO is small as in the case of acetaldehyde.59 Using
technique of cavity ring-down spectroscopy, Zhu et al.32 de-
FIG. 8. Schematic energy diagram for dissociation pathways from low-lying
electronic states of glyoxal.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject ttected production yield of HCO from glyoxal under bulk
conditions at excitation wavelengths 193, 248, 308, and 351
nm. At 351 nm the absorption of glyoxal measured at room
temperature is weak32 because this wavelength lies between
two absorption bands. Under conditions of jet cooling, ab-
sorption near 351 nm is too small to enable detection of
nascent products. Near wavelength 393 nm, the absorption
cross section is greater than that in 351 nm, and detection of
HCO is feasible to elucidate the dissociation mechanism on
the triplet surface.
V. CONCLUSION
Vibrational states lying in the range 2000–3300 cm21 of
A˜ 1Au of glyoxal are assigned. In this region full rotational
analysis is performed for nine vibronic bands in the
A˜ 1Au – X˜ 1Ag system. From vibrational levels analyzed,
large inertial defects are observed, reflecting large amplitude
of vibrational motion. The decay of fluorescence emission
with superimposed quantum beats is observed for the first
time for glyoxal; these quantum beats result from coherently
excited mixed triplet and singlet states. At excitation energies
near 393 nm, the quantum-beat pattern is averaged out to
display biexponential decay with fast coefficients in the
range 12–320 ns and slow coefficients in the range 600–
1400 ns. These experimental data imply that the triplet state
correlates with a dissociation continuum resulting in broad-
ened lines in the triplet state, and that the relaxation mecha-
nism of glyoxal varies from the small-molecule to the inter-
mediate case. At an excitation energy ’25 350 cm21, lines
in Fourier-transform spectra become broadened, indicating
that a threshold for a dissociation channel lies near the exci-
tation wavelength 393 nm. At this energy, dissociation from
the triplet channel becomes more efficient than converting
back to the electronic ground state. In addition to three
known channels occurring on the electronic ground-state sur-
face, a new dissociation path via the triplet surface is pro-
posed.
ACKNOWLEDGMENT
We thank the National Science Council and Ministry of
Education of Republic of China for financial support.
1 J. C. D. Brand, Trans. Faraday Soc. 50, 431 ~1954!.
2 J. Paldus and D. A. Ramsay, Can. J. Phys. 45, 1389 ~1967!.
3 F. W. Birss, J. M. Brown, A. R. H. Cole, A. Lofthus, S. L. N. G.
Krishnamachari, G. A. Osborne, J. Paldus, D. A. Ramsay, and L.
Watmann, Can. J. Phys. 48, 1230 ~1970!.
4 W. Goetz, A. J. McHugh, and D. R. Ramsay, Can. J. Phys. 48, 1 ~1970!.
5 W. Holzer and D. A. Ramsay, Can. J. Phys. 48, 1759 ~1970!.
6 G. N. Currie and D. A. Ramsay, Can. J. Phys. 49, 317 ~1971!.
7 D. M. Agar, E. J. Bair, F. W. Birss, P. Borrell, P. C. Chen, G. N. Currie, A.
J. McHugh, B. J. Orr, D. A. Ramsay, and J. Y. Roncin, Can. J. Phys. 49,
323 ~1971!.
8 M. Lombardi, R. Jost, C. Michel, and A. Tramer, Chem. Phys. 46, 273
~1980!.
9 M. Lombardi, R. Jost, C. Michel, and A. Tramer, Chem. Phys. 57, 341
~1981!.
10 M. Lombardi, R. Jost, C. Michel, and A. Tramer, Chem. Phys. 57, 355
~1981!.
11 P. Dupre, R. Jost, and M. Lombardi, Chem. Phys. 82, 25 ~1983!.
12 P. Dupre, R. Jost, and M. Lombardi, Chem. Phys. 91, 355 ~1984!.
13 C. Michel, M. Lombardi, and R. Jost, Chem. Phys. 109, 357 ~1986!.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
2455J. Chem. Phys., Vol. 116, No. 6, 8 February 2002 Quantum beats in glyoxal14 L. H. Spangler, D. W. Pratt, and F. W. Birss, J. Chem. Phys. 85, 3229
~1986!.
15 E. Pebay Peyroula and R. Jost, J. Mol. Spectrosc. 121, 167 ~1987!.
16 E. Pebay Peyroula and R. Jost, J. Mol. Spectrosc. 121, 177 ~1987!.
17 D. A. Ramsay, M. Vervloet, F. Vanhorenbeke, M. Godefroid, and M.
Herman, J. Mol. Spectrosc. 149, 348 ~1991!.
18 R. Y. Dong, R. Nanes, and D. A. Ramsay, Can. J. Chem. 71, 1595 ~1993!.
19 H. Hu¨bner, A. Leeser, A. Burkert, D. A. Ramsay, and W. Hu¨ttner, J. Mol.
Spectrosc. 184, 221 ~1997!.
20 H. Katoˆ, T. Oonishi, K. Nishizawa, S. Kasahara, and M. Baba, J. Chem.
Phys. 106, 8392 ~1997!.
21 H. Katoˆ, K. Sawa, H. Kuwano, S. Kasahara, M. Baba, and S. Nagakura, J.
Chem. Phys. 109, 4798 ~1998!.
22 K. W. Butz, D. J. Krajnovich, and C. S. Parmenter, J. Chem. Phys. 93,
1557 ~1990!.
23 J. Heldt, Ch. Ottinger, A. F. Vilesov, and T. Winkler, J. Phys. Chem. A 101,
740 ~1997!.
24 Ch. Ottinger and T. Winkler, Chem. Phys. Lett. 314, 411 ~1999!.
25 C. S. Parmenter, J. Chem. Phys. 41, 658 ~1964!.
26 G. H. Atkinson, M. E. Mcllwain, and C. G. Venkatesh, J. Chem. Phys. 68,
726 ~1978!.
27 G. W. Loge, C. S. Parmenter, and B. F. Rordorf, Chem. Phys. Lett. 74, 309
~1980!.
28 G. W. Loge and C. S. Parmenter, J. Phys. Chem. 85, 1653 ~1981!.
29 G. W. Loge and C. S. Parmenter, J. Chem. Phys. 74, 29 ~1981!.
30 J. W. Hepburn, R. J. Buss, L. J. Butler, and Y. T. Lee, J. Phys. Chem. 87,
3638 ~1983!.
31 I. Burak, J. W. Hepburn, N. Sivakumar, G. E. Hall, G. Chawla, and P. L.
Houston, J. Chem. Phys. 86, 1258 ~1987!.
32 L. Zhu, D. Kellis, and C.-F. Ding, Chem. Phys. Lett. 257, 487 ~1996!.
33 L. M. Dobeck, H. M. Lambert, W. Kong, P. J. Pisano, and P. L. Houston,
J. Phys. Chem. A 103, 10312 ~1999!.
34 Y. Osamura, H. F. Schaefer, III, M. Dupuis, and W. A. Lester, Jr., J. Chem.
Phys. 75, 5828 ~1981!.
35 Y. Osamura and H. F. Schaefer, III, J. Chem. Phys. 74, 4576 ~1981!.
36 J. F. Gaw and H. F. Schaefer, III, J. Chem. Phys. 83, 1741 ~1985!.Downloaded 15 Nov 2007 to 140.114.72.112. Redistribution subject t37 G. E. Scuseria and H. F. Schaefer III, J. Am. Chem. Soc. 111, 7761 ~1989!.
38 X. Li and H. B. Schlegel, J. Chem. Phys. 114, 8 ~2001!.
39 X. Li, J. M. Millam, and H. B. Schlegel, J. Chem. Phys. 114, 8897 ~2001!.
40 D. M. Koch, N. H. Khieu, and G. H. Peslherbe, J. Phys. Chem. A 105,
3598 ~2001!.
41 R. A. Beyer, P. F. Zittel, and W. C. Lineberger, J. Chem. Phys. 62, 4016
~1975!.
42 B. G. McDonald and E. K. C. Lee, J. Chem. Phys. 71, 5049 ~1979!.
43 P. Avouris, W. M. Gelbart, and M. A. El-sayed, Chem. Rev. 77, 793
~1977!, and references therein.
44 M. Gurnick, J. Chaiken, T. Benson, and J. D. McDonald, J. Chem. Phys.
74, 99 ~1981!.
45 J. Chaiken, M. Gurnick, and J. D. McDonald, J. Chem. Phys. 74, 106
~1981!.
46 J. Chaiken and J. D. McDonald, J. Chem. Phys. 77, 669 ~1982!.
47 S.-H. Lee and I-C. Chen, Chem. Phys. 220, 175 ~1997!.
48 C.-L. Huang, V. Chien, I-C. Chen, C.-K. Ni, and A. H. Kung, J. Chem.
Phys. 112, 1797 ~2000!.
49 H. Bitto and J. R. Huber, Acc. Chem. Res. 25, 65 ~1992!.
50 T. J. Sears, Comput. Phys. Rep. 2, 1 ~1984!.
51 T. J. Sears, Comput. Phys. Commun. 34, 123 ~1984!.
52 See EPAPS Document No. E-JCPSA6-116-003206 for figures and tables
containing spectra and lists of observed positions of reported bands. This
document may be retrieved via the EPAPS homepage ~http://www.aip.org/
pubservs/epaps.html! or from ftp.aip.org in the directory /epaps/. See the
EPAPS homepage for more information.
53 W. Gordy and R. L. Cook, Microwave Molecular Spectra ~Wiley, New
York, 1984!.
54 M. Dubs, P. Schmidt, and J. R. Huber, J. Chem. Phys. 85, 6335 ~1986!.
55 C. G. Stevens and J. C. D. Brand, J. Chem. Phys. 58, 3324 ~1973!.
56 F. Lahmain, A. Tramer, and C. Tric, J. Chem. Phys. 60, 4431 ~1974!.
57 K. A. Holbrook, M. J. Pilling, and S. H. Robertson, Unimolecular Reac-
tions 2nd ed. ~Wiley, New York, 1996!.
58 G. Herzberg, Electronic Spectra and Electronic Structure of Polyatomic
Molecules ~Van Nostrand, Princeton, 1966!.
59 S.-H. Lee and I-C. Chen, J. Chem. Phys. 105, 4597 ~1996!.o AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
